Amino-functionalized SBA-15 mesoporous silica was prepared, characterized, and used as an adsorbent for heavy metal ions. The organic-inorganic hybrid material was obtained by a grafting procedure using SBA-15 silica with 3-aminopropyl-triethoxysilane and bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272), respectively. The structure and physicochemical properties of the materials were characterized by means of elemental analysis, X-ray diffraction (XRD), nitrogen adsorption-desorption, thermogravimetric analysis, FTIR spectroscopy and immersion calorimetry. The organic functional groups were successfully grafted onto the SBA-15 surface and the ordering of the support was not affected by the chemical modification. The behavior of the grafted solids was investigated for the adsorption of heavy metal ions from aqueous solutions. The hybrid materials showed high adsorption capacity and high selectivity for zinc ions. Other ions, such as cooper and cobalt were absorbed by the modified SBA-15 material.
Introduction
A wide variety of toxic inorganic and organic chemicals are discharged into the environment as industrial wastes, causing serious water, air, and soil pollution. Heavy metals are found in wastewaters originating from chemical manufacturing, painting and coating, mining, extractive metallurgy, nuclear, and other industries 1, 2 . The most abundant harmful metals in liquid effluents are Cr, Ni, Zn, Cu, and Cd. They are considered persistent, bioaccumulative and toxic substances. Such metals exert a deleterious effect on the fauna and flora of lakes and streams. One of the potential remedies to this problem is the use of adsorption technologies. Activated carbons 3 and a number of low-cost adsorbents such as agricultural residues and peat [4] [5] [6] [7] have been used for the removal of heavy metal cations. However, the major disadvantages of these adsorbents are their low loading capacities and their relatively weak interactions with metallic cations, as evidenced by low metal ion binding constants 8, 9 . To overcome this drawback, many investigators have developed functionalized adsorbents such as organoclays and surface-modified mesoporous materials. In the case of natural clays, quaternary ammonium compounds and/or thiols have been used to modify clays such as smectite and montmorillonite 1, [10] [11] [12] [13] . Mesoporous silicas, such as MCM-41 [14] [15] [16] [17] [18] [19] , HMS 20,21 , SBA-15 22 , and SBA-117 have been functionalized by various groups to afford materials able to interact strongly with metallic cations, particularly mercury [14] [15] [16] [20] [21] [22] or metallic anions such as chromate and arsenate [17] [18] [19] . Porous silica functionalized with various chelating agents is increasingly utilized as an adsorbent because of its high selectivity for metal ion adsorption [23] [24] [25] [26] . The discovery of hexagonally ordered mesoporous silicas 27 has stimulated renewed interest in adsorbent and catalyst design because of their unique large surface area, well-defined pore size and pore shape. The addition of organic groups by the grafting of organosiloxane precursors onto the surface of the pores results in functional mesoporous hybrid materials [28] [29] [30] [31] [32] [33] [34] [35] [36] . These organic-inorganic hybrid materials have been reported to exhibit improved sorption properties toward heavy metal ions, superior to those achieved with silica gel functionalized with the same ligand 37, 38 . Unfortunately, the most extensively investigated mesoporous material, MCM-41 silica, shows low mechanical and hydrothermal stability. It has been shown that the low hydrothermal stability of the MCM-41 material is due to the hydrolysis of its thin (1-2 nm thickness) pore walls 39, 40 . In 1998, developed SBA-15 mesostructured silica, which consists of parallel cylindrical pores with the axes arranged in a hexagonal unit cell. SBA-15 usually has wider pores than MCM-41 (SBA-15 pores range from 5 to 30 nm in diameter), and higher pore volumes. Moreover, in comparison with other mesostructured silica materials, SBA-15 exhibits thicker pore walls (between 3.1 and 6.4 nm thick) which provide high hydrothermal stability 41, 42 , and render the material suitable for use in aqueous media. SBA-15 surface modifications with organic species for adsorption applications have been presented. Functional groups, such as thiol 43, 44 , imidazole 45 , amino 37, 46 , polyol 47 , and iminodiacetic acid 48 have been incorporated into the inorganic SBA-15 network. Thiol-functionalized SBA-15 silicas have exceptional selectivity for adsorbing Hg 2+ [37, 44] and noble metals 43 from waste streams. Imidazole-derivatized SBA-15 exhibit a high adsorption capacity for Cr (VI) 45 . Amino-functionalized SBA-15 show a high affinity for  different metal ions, such as Cu   2+   ,Zn   2+ , Cr 3+ and Ni 2+ [46] . A report in the literature 7 has shown that SBA-15 with polyol functional groups possesses very good boron adsorption capacity. Very recently 48 , iminodiacetic acid-modified SBA-15 hybrid material has demonstrated an excellent ability to remove Cd 2+ from aqueous solutions. Schiff base-type groups, easily prepared by condensation between aldehydes and amines, are known as very efficient chelating agents for many different metals 49 . The present study had two aims. Firstly, we synthesized and characterized a new hybrid material, i.e., SBA-15 mesoporous silica modified with 3-aminopropyl-triethoxysilane and bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272). Secondly, we studied the applicability of this material for the removal of heavy metal ions from aqueous solutions and, through the heats of immersion of each of the ions under study, we established the relationship between the modification of SBA and immersion enthalpy.
Experimental

Preparation of functionalized SBA-15 silica
SBA-15 material was synthesized as described in 41 . The organic-inorganic hybrid materials were obtained by a grafting procedure with 3-aminopropyl-triethoxysilane and bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272), respectively. Firstly, the calcined SBA-15 was silanized with 3-aminopropyl-triethoxysilane adapted according to a previously described procedure 50, 51 . One gram of SBA-15 silica, freshly activated overnight at 506 K under vacuum, and 2.7 mL of 3-aminopropyl-triethoxysilane (99% Aldrich) were added to 85 mL of dry toluene. After stirring the solution (reflux, 12 hours), the released ethanol was distilled off and the mixture was kept under reflux for 220 minutes. The NH 2 -functionalized mesoporous silica (referred as NH 2 -SBA-15) was filtered and washed with toluene, ethanol, and diethyl ether. It was then submitted to a continuous extraction run overnight in a Soxhlet apparatus using diethyl ether/dichloromethane (v/v, 1/1) at 450 K and dried overnight at 430 K. On the other hand, industrial-grade Cyanex 272 was purified using a published procedure 52 in which 12.0 g of SBA-15 were contacted with 80 mL of a 1:1 mixture of purified Cyanex 272 and toluene in a screwcap bottle at 340 K for 48 hours. The Cyanex 272-loaded SBA-15 was washed with distilled water and filtered using a Millipore apparatus. The filtered CY-SBA was then dried at room temperature under vacuum overnight. These two hybrid materials are referred to as NH 2 -SBA and CY-SBA-15, respectively.
Characterization
Small-angle XRD data were acquired on a Bruker diffractometer using Cu Kα radiation. N 2 adsorptiondesorption isotherms were measured at 77 K with a Quantachrome Autosorb 3B (Boynton Beach, FL, USA).
The samples were degassed at 323 K for 12 hours prior to the adsorption measurements. Specific surface area was calculated by the BET method, the mesopore volume was determined by nitrogen adsorption at the end of capillary condensation, and the pore size distribution was determined from the desorption isotherms using the Barrett-Jonyner-Halenda (BJH) method. The FTIR spectra of self-supported wafers previously heated at 423 K under vacuum were performed on a Bruker Vector 22 spectrometer. Atomic absorption spectrophotometry (FAAS) measurements were performed on a Spectra AA-220 Varian spectrophotometer equipped with Varian multi-element hollow cathode lamps and airacetylene burner. The C, H, and N contents were evaluated by combustion on a 1108 FISON CE analyzer (Italy) elemental analysis apparatus.
The SBA-15 studies were carried out in the TGA Netzsch STA-409C, in which SBA-15 was placed in an alumina crucible and heated from room temperature up to 1200 °C using a flow of nitrogen at 100 mL/min, with a heating rate of 5 °C/min. An empty pure alumina crucible served as an inert reference. , and Zn 2+ ions) with 100 mg of the adsorbent for 60 minutes, under stirring, at room temperature. For all adsorption tests, the deviation between the initial and final pH was less than 0.1 pH units.
Metal ion adsorption tests
Adsorption equilibrium isotherm
Batch sorption experiments were conducted using 100 mL aliquots of the test solution containing 100 mg.L -1 of each one of the ions: Co 2+ , Cu, and Zn 2+ with the pH adjusted between acid (approximately pH 4.8) and placed in 250 mL amber closed bottles. Later, known quantities (0.01-0.15 g) of modified SBA-15 were added to each bottle and the pH was adjusted using either 0.1 M nitric acid or 0.1 M sodium hydroxide. The solutions were stirred at 250 rpm for 5-120 minutes at 25 ± 1 °C. The modified SBA-15 was removed by filtration and the Co 2+ , Cu 2+ , and Zn 2+ contents of the filtrate were measured by atomic absorption spectroscopy (AAS). Percent removal (R %) was calculated according to the following equation: , and Zn 2+ concentration (C 0 ) and the equilibrium concentration (C e ) was calculated and used to determine the adsorptive capacity (q e ) as follows:
where V is the total volume of Co ). The linear model, which describes the accumulation of the solute by the sorbent as directly proportional to the solution concentration is presented by the relation:
The proportionality constant or distribution coefficient K D is often referred to as the partition coefficient. The Langmuir model represents one of the first theoretical treatments of non-linear sorption, and has been successfully applied to a wide range of systems that exhibit limiting or maximum sorption capacities. The model assumes uniform energies of adsorption onto the surface and no transmigration of the adsorbate on the plane of the surface.
The Langmuir isotherm is given by:
where Q o and b are Langmuir constants related to the adsorption capacity and energy of adsorption, respectively. Equation 4 is usually linearized by inversion to obtain:
Equation 3 is equally used to analyze batch equilibrium data by plotting 1/q e versus 1/C e , which yields a linear plot if the data conform to the Langmuir isotherm.
The Freundlich isotherm is the most widely used non-linear sorption model and is given by the general form:
where K F is related to sorption capacity and n to sorption intensity. The logarithmic form of Equation 6) given below is usually used to fit data from batch equilibrium studies:
Immersion enthalpy
The immersion enthalpies of SBA-15 were determined in solutions of Co 2+ , Cu 2+ , and Zn 2+ of different concentrations ranging from 20 to 100 mg.L -1 for the maximum adsorption of pH 4.8. The immersion enthalpies were also determined for solutions of 100 mg.L -1 at all pH values studied. This determination was performed in a heat conduction microcalorimeter with a stainless steel calorimetric cell 52 , in which 30 mL of the solution to be used were pre-heated at 298 K, then placed in the cell. A sample of activated carbon of approximately 0.500 g was weighed and placed inside the calorimetric cell in a glass ampoule. The microcalorimeter was then assembled. When the equipment reached a temperature of about 298 K, the potential readings were registered after a period of approximately 15 minutes, with readings every 20 seconds once the glass ampoule was broken and the thermal effect registered. Potential readings continued for approximately another 15 minutes and, at the end of the experiment, the equipment was electrically calibrated.
Results and Discussion
Physicochemical properties of SBA-15 and modified SBA-15 materials
The organic functional groups were synthesized by grafting on the SBA-15 surface by a step synthesis procedure ( Figure 1 ). The surface hydroxyl groups were reacted with the ethoxy groups of aminopropyl triethoxysilane and bis (2, 4, 4-trimethylpentyl) phosphinic acid. Based on the elemental and thermogravimetric analysis, the amount and the density of the functional groups grafted on the SBA-15 surface were measured. Thus, the amounts of grafted aminopropyl and Cyanex 272 groups per nm 2 (of pure SBA-15 silica) were 3.2 and 2.7, respectively. As previously reported in the literature, the average number of silanol groups (quantified by 29 Si NMR spectroscopy) for the SBA-15 material is 3.6 OH nm 2 [53] . Based on this density of silanol groups, the calculated yield of the aminopropyl grafting was about 82%. The Cyanex 272 coupling reaction onto SBA-15 was more efficient that with aminopropyl; the chemical process of the functionalized area is described in Figure 1 .
From the elemental analysis data, it was also established that the C/N and H/N atom ratios in the NH 2 -SBA-15 sample were 7.0 and 18.2, respectively. This result suggests that the stoichiometry between the silanol group and the silylating agent was 1:1, indicating that most of the aminopropyl silane chains were linked to the pore wall surface only by one Si-O-Si bond (Figure 1 ), a result found by others authors 54 . The C/N molar ratio calculated for the CY-SBA-15 sample was 15.7, indicating a 1:1.5 stoichiometry between the phosphinic group and SBA-15. Thus, the amount of phosphinic groups grafted on this material was 2.0 molecules nm 2 . The XRD measurements (not shown here) confirmed the SBA-15 structure for both unmodified and grafted samples. The SBA-15 material exhibited a strong (100) reflection peak (at 2θ = 0.7°) and smaller (110), (200), (210) diffraction peaks, which are characteristic of a well-ordered SBA-15 type material 55 . No significant changes were observed upon amine immobilization, except for the expected decrease in XRD peak intensity, providing evidence that functionalization occurred mainly inside the mesopore channels. However, CY-SBA-15 had some slight differences which were more marked due to the structure of Cyanex 272, which when coupled to the SBA-15 left a group exposed and generated phosphorus peaks at angles of 20°.
All materials exhibited irreversible type IV adsorptiondesorption isotherms (Figure 2 ) with an H1 hysteresis loop in the partial pressure range from 0.65 to 0.75, characteristic of materials with a pore diameter of 7-8 nm. This result reveals that the uniform mesoporous nature of the material was preserved even though grafting had occurred.
The main textural properties of the solids are listed in Table 1 . We noted that for the functionalized SBA-15 materials, the BET surface and volume were standardized versus pure silica weights. As expected, the BET surface area and the mesopore volume strongly decreased after grafting, according to the sequence SBA-15 > NH 2 -SBA-15 > CY-SBA-15. These results are in agreement with other authors 54 . For example, for the aminopropyl functionalized mesoporous silica (NH 2 -SBA-15) and CY-SBA-15, the BET surface area and the mesopore volume were diminished by 61% and 51, respectively, comparatively to the SBA-15 support. These textural results confirm that the grafted species were located inside the mesopores and not only on the outer surface 54 . The FTIR spectra of the SBA-15 precursor and organic-inorganic hybrid SBA-15 materials previously heated at 423 K under vacuum were assessed. At this temperature, only the physisorbed water was removed from the samples, as was determined from the TGA curves (not shown here). The FTIR spectrum of SBA-15 showed typical bands at 3550-3800 cm -1 due to the presence of silanol groups. After functionalization with aminopropyl groups, the intensity of the bands corresponding to these groups decreased with a concomitant increase in the bands characteristic of immobilized aminopropyl groups (NH 2 -SBA-15 spectrum), indicating that a reaction between the OH groups of the silica network with the ethoxy groups of the organic precursor had taken place. As previously reported 37, [46] [47] [48] , the new bands can be attributed to both symmetric and asymmetric stretching of CH 3 ). A band at 1600 cm -1 (δN-H) was also identified. These results are very similar to the findings of other authors 54 . These results confirm the successful functionalization of SBA-15 with aminopropyl groups. Characteristic bands can also be observed in the FTIR spectrum of the CY-SBA-15 material (not show here). In the infrared spectrum, the CHstretching (methyl, methylene) appears as a very strong band at 2970 cm -1 , and other ν (C-H) stretching (symmetric and anti-symmetric) bands at 2930 and 2880 cm -1 are seen. The bonded OH vibration gives bands at 2800 and 2400 cm -1 , whereas the very broad bands occurring at 1800-1700 cm -1 represent OH deformation. The ν (P-O) stretching band for Cyanex-272 is found at 1286 cm -1 . The ν (P-O) antisymmetric stretching band appears as a broad band at 1080 and a ν (P-O) symmetric stretching band is seen at 786 cm -1 . Furthermore, the IR spectrum of modified SBA-15 with Cyanex-272 shows a broad band at 1200-1180 cm -1 for C-C-C anti-symmetric stretching. Symmetric and antisymmetric stretching bands of methyl and methylene C-H occurring in Cyanex-272 at 3000, 2970, and 2900 cm -1 are also present in all the metal-Cyanex-272 complexes, as expected (not shown). However, the OH stretching bands appearing at 2800 and 2400 cm -1 are missing in all the spectra of the prepared metal Cyanex-272 complexes. This indicates deprotonation of P-OH before complexation, which signifies the normal cation exchange behavior of the ligand Cyanex-272. Therefore, the metal ions are assumed to form strong complexes with the ligand Cyanex-272. In the case of metal-Cyanex-272 complexes, the shifting of ν (P-O) vibrational bands occurred at 1300, 1070, and 784 cm -1 in pure Cyanex-272. The ν (P-O) vibration band at 1286 cm -1 shifted towards lower frequencies (1260 cm -1 ) in all of the Cyanex-272 complexes. The anti-symmetric ν (P-O) stretching band at 1049 cm -1 shifted to lower frequencies (1029 cm -1 ) in the Zn(II)-Cyanex-272-SBA-15 complex, whereas in the Co(II) and Cu(II) complexes, it shifted towards higher frequencies (1085 cm -1 ).
Heavy metal ion adsorption studies
Evidence of metal ion complexation
Transition metal ions (Cu 2+ , Zn 2+ , and Co 2+ ) were incorporated into the functionalized SBA-15 silica by treating this material with solutions containing metal salts. It is known that pH is an important parameter in the ion adsorption process. In order to prevent the precipitation of metallic cations, the solution pH must be adjusted in the range 1.76-6.2 55 . The best adsorption performance was obtained in the pH range of 4-5.5 55, 56 . Based on these results, in this study, we performed the adsorption tests at pH 4.8. The resulting Me 2+ -SBA-15 solids were characterized by FTIR spectroscopy(not show here). In order to establish the nature of the bands of the complexes, the FTIR bands were compared with those of the free ligands. The band assigned to -C≡N stretching vibration of the imine group (which was observed at 1650 cm -1 for the free ligand) appeared at lower frequencies in the spectra of Me 2+ -SBA-15 complexes, indicating the coordination of the imine nitrogen with the Me 2+ ion 54, 57 . This feature can be explained by the withdrawal of electrons from the nitrogen atom to the metal ion. The band assigned to the C-O group (at 1287 cm -1 for the free ligand) also shifted to lower frequencies after metal adsorption. The new bands at about 500 and 400 cm -1 appearing for the complexes are assigned to the ν (Me-O) and (Me-N) vibration modes, respectively.
Metal ion adsorption studies
3.3.1. Adsorption in homoionic solutions.
The amount of metal ions adsorbed by CY-SBA-15 (Q, mg g -1 ), the distribution coefficient (K D , mL.g -1 ), and the removal level for each ion are summarized in Table 2 . The metal loading capacities of the different ), confirming the favorable role played by the functional group used in the modification of SBA-15; (b) the mesostructured CY-SBA-15 material was more efficient than the modified silica gel NH 2 -SBA-15 samples; (c) the CY-SBA-15 adsorbent showed very good adsorption capacity for the all ions studied, in particular for the zinc ion, which was much higher compared to the other metal ions; (d) the loading capacities decreased in the following order: Zn 2+ > Cu 2+ > Co 2+ . For the maximum loading level of the Zn 2+ -containing complex (89.0 mg.g -1 ), the zinc/nitrogen molar ratio was 0.62, which is in agreement with the expected value of 0.5 reported by other authors 54 . This confirms that the functionalization of zinc onto the CY-SBA-15 support proceeded with the intended Zn-SBA-15 complex format in a 1:2 molar ratio ( Figure 1 ). The extent of functional group participation in metal ion complexation for the tested adsorbents was calculated based on the amount of groups grafted on the silicas, considering a metal/ligand ratio of approximately ½. The following amounts of complexed metal ions were determined for modified SBA-15: (a) CY-SBA-15: 94.5 (Zn ). These results may be related to the formation constants (K f ) of the metal ion-ligand complexes. Indeed, according to the Irving-Williams series 58, 59 , the bond strength between a ligand (despite its nature) and a series of metal cations depends on the K f parameter. For the metal ions investigated in this study, the K f values, and implicitly the bond strength between the metal ion and the ligand, increased in the following order: Co 2+ < Cu 2+ < Zn
2+
. Our results are completely in agreement with this rule [54] [55] [56] [57] [58] [59] .
Adsorption isotherms from aqueous solution
Adsorption data are usually discussed and explained using isotherm adsorption models, such as the linear, Langmuir, and Freundlich isotherms. These isotherms relate metal uptake per unit weight of the adsorbent, q e , to the equilibrium adsorbate concentration in the bulk fluid phase, C e . Equations 3, 5 and 7 are used for the analysis of equilibrium batch experiment data assuming the linear, Langmuir, and Freundlich isotherms, respectively. Figure 3 and Figure 4 present the adsorption isotherms for aqueous ion solutions corresponding to the fit of the Freundlich isotherm plots for Co 2+ , Cu 2+ , and Zn 2+ adsorption on modified SBA-15.
Batch tests with Co
2+
, Cu
, and Zn 2+ in single solutions were used to estimate the quantity adsorbed by modified SBA-15. The equilibrium data were fitted very well to the Langmuir isotherm. Calculation of the isotherm parameters using these plots provided the data presented in Table 2 .
The Langmuir and Freundlich equations are the most commonly models employed to describe the adsorption process in heterogeneous systems. The Langmuir model assumes monolayer adsorption on the solid surface, while Freundlich model is empirical in nature. All the isotherms showed a sharp initial slope, indicating that the materials acted as high efficacy adsorbents at broad range of metal concentrations; in addition, when the aqueous metal concentration increased, the saturation constant value was reached. The equilibrium data were analyzed using regression analysis to fit the isotherm models (Figures 3  and 4 ) and the equation constants are tabulated in Table 2 . The Langmuir model should better describe the adsorption system on modified SBA-15 than the Freundlich model. On the other hand, the values of n were all greater than 1 for the different materials, indicative of high adsorption intensity.
As shown in Figures 3 and 4 , adsorption was greater for Zn 2+ and Cu
, and the affinity of the modified SBA-15 adsorbents followed the common order Zn 2+ > Cu 2+ > Co
. The same order of affinity was found for the other SBA-15 materials (CY-SBA-15 and NH 2 -SBA-15). As shown in Table 2 , both modified materials showed greater adsorption for Zn 2+ than the other metal ions. We can also say that the adsorption of all cations was very fast. , respectively), indicating that CYANEX 272 was highly and selectively complexed with Zn 2+ ions. We considered that the adsorption mechanism of metal cations was different for the organically functionalized NH 2 -SBA-15 and CY-SBA-15. In the first case, complexation is the major mechanism for metal ion adsorption. This mechanism is governed by the formation constants of the metal complexes and, consequently, the Q values are affected by the competition between different ions in solution and are limited by the amount of surface-grafted ligand. In contrast, the mechanism of cation adsorption onto amorphous functionalized silica is based not only on the complexation between the metal ion and the ligand, but a physisorption mechanism is also involved. In this case, the Q value increases when the total metal ion concentration increases.
Figures 5 and 6 present the adsorption isotherms for mixed aqueous ion solutions corresponding to the Langmuir and Freundlich isotherm plots of Co 2+ , Cu 2+ , and Zn 2+ adsorption on CY-SBA-15, respectively. The equilibrium data were fitted very well to the Langmuir isotherm. Calculation of the isotherm parameters using these plots provided the data presented in Table 2 . We observed the same affinity between metallic cations and the material as in single solute adsorption. The same observations were noted for NH 2 -SBA-15 and unmodified SBA-15. .
Immersion enthalpies
The figure shows behavior that is comparable to the isotherm of adsorption from an aqueous solution. This should be highlighted as an interesting aspect, since by using thermodynamics, it is possible to study the adsorption capacity of modified SBA. -CY-SBA-15), as shown in Figure 7 . This behavior agrees with textural characteristics of modified SBA-15 and the diameters of the ions under study. It should be noted that the behavior of immersion enthalpies of the solids synthesized in this work was very similar to the isotherm data. 
